INTRODUCTION
The collision and coagulation process of aerosol particles has long been an important problem in colloidal science. It has applications in both atmospheric sciences and engineering. In the atmosphere, for example, the collection mechanism plays an important role in the scavenging of aerosol particles. This mechanism has recently received considerable attention (l-lo).
In problems of chemical engineering particle coagulation is of importance as it determines to a considerable extent the size distribution and thus the reaction rate of the reactants.
In this paper we want to investigate the collection process of aerosol particles by a spherical collector in the continuum regime. The concentration of particles is assumed to be described by the convective diffusion equation since the particles involved move by Brownian diffusion while simultaneously under the influence of convective forces such as gravity, hydrodynamic forces, and possibly phoretic and electric forces. In this study we shall consider the case where the external forces involved are electric forces.
1. The convective d$ikon of aerosol particles around an absorbing sphere in conservative force fields. In this section we will briefly describe the general formulation of the convective diffusion of small particles in the presence of conservative force fields which will be used later. Consider a cloud of monodispersed aerosol particles around a perfect absorbing sphere under the influence of a net conservative force field F. Then by the definition of conservativeness,
VXF=O
[II or F = -VV, PI i.e., it is possible, in this case, to find a scalar potential function V whose gradient will give the force.
We further assume that this potential function satisfies the Laplace equation, i.e., v2v = 0.
[31 Equation [3] is satisfied by many force fields such as those involved in the irrotational flow of a perfect fluid, surface waves, electromagnetic phenomena, and gravitation. Fl where C1 and C, are arbitrary constants to be fixed by boundary conditions. One simply has to substitute Eq. [6] into Eq. [5] to see that it is indeed a solution of Eq. [5] . By suitable transformation of Eqs. [5] and [6] , one can obtain other related equations and their solutions (see Appendix A).
Note that the above derivations were carried out by vector operations. Thus they are valid not only for spherical coordinates but for other coordinates as well. In fact, the applications of Eqs. [5] and [6] had been made by (13) for cylindrical coordinates and by (14) for oblate spherical coordinates. Note also that the force fields which satisfy the above derivations need not to be radially symmetrical.
2. Distribution of aerosol particles around a spherical conductor under the influence of Brownian motions, electric charges, and a uniform electric field. We now consider the specific case where a conducting sphere of radius cy is surrounded by a cloud of monodispersed aerosol particles with radius r,, (see Fig. 1 ). Electric charges on the sphere and the particles are & and q, respectively. We will assume g > 0, Q < 0 for the convenience of discussion although the solution we shall derive is valid for general cases. The Coulomb force due to the static charges is thus attractive. This force is in the radial direction i: [16] Y In order to determine Cr and C2, we have to impose the boundary conditions. The conventional boundary conditions are (see, e.g. (1'3) i n=O at r=u [I71 n = n, at y-00.
While this set of boundary conditions continues to be valid in general, it is inadequate in determining C, and C2 uniquely. Some additional conditions are necessary. To find these additional boundary conditions we have to examine the distribution of the force potential, i.e., Eq. [ 151. This is shown in Fig.  2 . We see here that: (i) when cos 0 < 0, the potential increases with Y and the electric force is attractive everywhere; (ii) when cos 8 > 0, the potential increases with Y initially (Region-I), reaches a maximum at Y = r,, and then decreases with Y again (Region-11). Clearly, the electric force is attractive in Region-I, repulsive in Region-II, and zero at r = r, . Note that r, is not a constant but depends on 0 as well as the relative magnitudes of the two competing electric fields, namely, the Coulomb field and the dipole field. The value of r, is determined by the following equation: x COS {; cos-' [-a3(3E;@;s ,)"'I} .
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A plot of r, verus 0 is shown in Fig. 3 for several selected values of X = lQl/(&a2 X cos 0). It is evident from Fig. 3 that Region-I cannot cover the whole hemisphere when X < 3. This criterion can also be derived from Eq. [ 191 by requiring that Y > a. In the extreme case when E,, -co, r, will not exist and the potential maximum will not occur outside the hemisphere. We will now examine the solutions in two regions: It is easy to see that the concentration is not uniform at r = r, (remember that r,,, is a function of 0). The concentration y1,, is largest at cos 0 = 0 since the potential is zero at r = r,. On the other hand, the smallest n,=, occurs at 0 = 0 since the potential maximum is lowest and therefore the negative of the potential maximum is largest (see Fig. 2 ). Even at a constant r near the sphere, the concentration n is also smallest along 0 = 0, as can be seen from Eq. [3 11. This is consistent with the physical consideration because this is where the particles meet the strongest repulsive forces. From Eq. [3 I] we can also see that when EO increases to an extent that the second term in the numerator equals the first term, the concentration becomes zero. Further increase in EO would cause the concentration to become negative. The negative value itself is unimportant; it simply means that under very strong external field, particles cannot come close to the hemisphere because of the very strong repulsive forces. This is also consistent with physical reasonings.
The solution for the region where cos f3 > 0 and r > r, is not obtained yet. On the other hand it should not concern us here because the particle flux in this region is basically drifting along the field lines and is directed away from the sphere. Thus, insofar as the collection of aerosol particles by the sphere is concerned, we can ignore this region.
3. The calculation of collection kernel. To calculate the collection kernel, we need to know the radial concentration gradients at the surface of the sphere. Thus by taking the radial derivatives of Eqs. = -(3nEoa2Bq + 2rBQq) + (3aEoa2Bq -2nBQq).
[34] -1 -exp
The two terms in Eq.
[34] should be evaluated separately before adding together. Negative values of K, or K2 should be regarded as zero since it simply means that no particle is collected.
The above derivation is based on the assumption that the surface r = r, extends outside the sphere. In the case when X < 3, this surface does not cover the whole hemisphere but covers only from 0 = 0, to 0 = n/2 (see Fig. 3 ). In this case, the lower limit of the inner integral in K, is not 0 but should be replaced by 13,. The resulted collection kernel is The above formulation is valid for stationary collectors. For collections moving in a viscous medium the hydrodynamic forces should be considered. The calculations which include hydrodynamic forces are, however, quite involved. Examples of this type of calculations were given in (6) where the Brownian motion was not considered. Alternatively an approximated method which takes the hydrodynamic effects into account was given by ( 10). There a ventilation factor was used to represent the overall enhancement of the particle flux. Thus according to this approximation the collection kernel is given by for X > 3 and Figures 9 to 13 show the collection kernels of the same set of particle and sphere sizes, except that now the ventilation effect is considered. The two sets of figures look similar to each other except in the magnitudes. The general feature is that the kernel decreases with aerosol size initially, reaches a minimum in the size range between 0.01 and 0.1 pm, and then increases with particle size. This general feature can be understood in terms of the relative importance of the Brownian motion and the electric effect. For very small particles the Brownian motion is .l 2. dominant, the effect being larger for smaller particles, thus the kernel decreases when size increases. On the other hand, the electric effect is dominant for large particle sizes, the effect being larger for larger particles due to the larger charges. Thus the kernel increases with size at this end In the middle neither the Brownian motion nor the electric effect is strong, the kernel is therefore a minimum here. A more detailed discussion is given in (10).
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Figures 14 and 15 compare the collection kernels of aerosol particles captured by spheres of radii 30 and 100 pm for the cases with and without ventilation effect. Clearly the ventilation effect is stronger for smaller aerosol particles while the larger particles (Y > 0.1 pm) are hardly affected. This can be realized in terms of the larger inertia of the particles. In addition the ventilation effect is stronger for the larger collector (a = 100 pm) because of larger hydrodynamic forces. Figure 16 compares the kernels obtained by the present formulation and that of (10) for collectors of radii 30 and 106 pm in the electric field E0 = 3000 V/cm. As can be seen here the differences between the two are not very large, being about lo-20% in most cases. The present formulation gives a lower value than that in (10). This is to be expected since the formulation in (10) simply adds the flux due to Brownian diffusion to that due to electric effect, thus implicitly assuming that the Brownian diffusion is not affected by the electric field. This is of course less accurate. The present formulation, on the other hand, considers the reduction of the Brownian flux in the presence of the electric field and is therefore more physically realistic. The small difference between the two, however, does I -'11'1 ""I ""I -"'11 ""I ".'I -',"I "'1 'io 10-e--10-a 10-g ~~~~' "*',""" ,*s*' "*',""" *,a,' ' I~(~""' .OOl 2. testify an old empirical rule that the sum of the pure Brownian flux and pure conduction current represents a good approximation for the total flux in many cases.
a. Limiting Cases
We shall now show that in various limiting cases the solutions in Sections 2 and 3 can be reduced and can represent the proper solutions for these limits.
(i) When there is no external field (EO = 0). In this case, t = 1 in Eq.
[23] instead of zero, and Eq.
[24] becomes exactly [441 while Eq. [30] also reduces exactly to this result. This is identical with the solution obtained by (8) where the particle distribution is determined only by the Brownian diffusion and central forces such as that caused by static charges.
(ii) Pure Brownian dljiision. When both electric forces due to the external field and the electric charges are absent, then the particle distribution is solely determined by the Brownian diffusion. We can obtain this from the above solutions.
Since there is no external electric field, the starting equation will be the same as Eq. [44]. We then take the limit of Eq. .l 2. II, , , , , , , , , , ( , ( , , , , , , , , , 1 , , , , , , , , , , , , , , ( , , , , , , , ; .. Equation [45] is the well-known particle distribution around a sphere due to pure Brownian motions (see, e.g. (8)).
(iii) Very strong external electric field. When the external field is so strong as to predominate the whole process, the particle distribution is solely determined by the external field. The total mass flux toward the sphere is the convective current due to the external field. This can be easily obtained by taking Eoa2 S @I in Eq. since the first term is a negative number and should be set to zero. Equation [46] is the well-known convective current due to a uniform external field E0 (see, e.g. (1 S), for the case of ion transport toward a spherical drop due to Eo).
CONCLUSIONS
In the above discussions we have shown that the distribution of aerosol particles by a stationary, conducting sphere in the presence of an external electric field can be described by the convective diffusion Eq. [13] with solution Eqs. [25] and [3 11 . The particle flux is given by Eqs.
[34]- [38] . We have also proved that in the limiting cases (i) E,, = 0, (ii) pure Brownian diffusion, and (iii) very strong E,, the above solutions can be reduced to proper solutions for these cases.
Although the present paper deals exclusively with the electrostatic forces, the formulation is quite general and is valid for any conservative force fields whose potentials satisfy the Laplace equation. Thus one can easily add forces such as thermo-and diffusiophoretic forces.
We want to stress, however, that we have not included the hydrodynamic forces which are more complicated. Thus the results obtained above should not be compared directly with the experimental results which were obtained in the presence of hydrodynamic forces. We are currently working toward this direction. The present paper, in the mean time, should represent a step forward in solving the convective diffusion problem in a nonsymmetric force field.
APPENDIX A In the following we will provide some convenient formulas for obtaining particular solutions of convective diffusion processes under the influence of conservative force fields. To our knowledge these formula have not been brought to the attention of many investigators.
Consider a vector field F which is conservative and satisfies Eqs. which is identical with Eq.
[53]. On the other hand if we substitute + = $' exp(-v/2) into Eq.
[49], we will again obtain Eq.
[55]. This type of transformation has been introduced by Ftirth (193 1) (cited in Eq. [ 121 for onedimensional case). In the above we see that one can perform the transformation in a more general three-dimensional form if the vector F satisfies Eqs.
[ l]- [3] . When using the above formula one has to be sure that F does indeed satisfy Eqs.
[l]- [3] and that the form of the equation is indeed the same as those listed in Eqs. [ where the second term in the brackets represents the image force. Since the aerosol particles are not really point charges but of finite sizes, they will be captured by the collector at a distance r = a + r,. At this distance the electric force is Since the image force is larger for larger q which, in turn, requires a larger particle radius in our calculation (q a Y;), we take the largest particle (rp = 1 pm) and the smallest sphere (a = 10 pm, so that Q is smallest) for an estimate of the relative importance of the two terms. Putting these values of a and r, into Eq.
[57] and assuming that Q = 2a2, q = 2r$ (a, rp in centimeters), we obtain Clearly the image force is negligibly small in comparison with the first term for aerosol particles captured by larger spheres. Thus in our calculation we can safely neglect the image force.
